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Foreword

A kaowledge of ice thickness, ice motion, and ice concentration (ice edge)
is essctial for effective, safe ship operations in polar regions. The time
evolution of these parameters can impact the performance of weapons systems,
acoustic surveillance capabilities, search and rescue planning, and other aspects
of naval operations. The Naval Ocean Research and Development Activity
has developed the first.-high-resolution sea-ice forecasting model for the
Barents Sea based on the Hibler ice model. The model will run operationally
at the Fleet Numerical Oceanography Center using ice thickness fields from
the Polar Ice Prediction System as boundary conditions. Testing has shown
that the high-resolution models are capable of better forecasting of the ice
edge location and the growth (decay) and movement of ice near land
boundaries. The operational version of the Barents Sea model will produce
the same 14 sea-ice products for the Barents Sea, on a daily basis, that are
presently produced by the Polar Ice Prediction System for the Arctic.

W. B. Moseley J. B. Tupaz, Capt. in, USN
Technical Director Commanding Officer



Executive Summary

The hydrodynamic/thermodynamic Arctic sea-ice model designed by
W. D. Hibler of the Cold Regions Research and Engineering Laboratory
(CRREL) has been adapted to the Barents Sea. This model is driven by
atmospheric forcing from the Naval Operational Global Atmospheric

* Prediction System (NOGAPS) and oceanic forcing from the Hibler and Rryan
coupled ice-ocean model. This high-resolution model (25 km), which covers
the entire Barents Sea and the western half of the Kara Sea, uses a 6-hour
time step. Development of this model required the design of new ice
inflow/outflow boundary conditions, which use the ice thickness fields from
the Polar Ic,- Prediction System (PIPS) when inflow is indicated. Model resu!ts

* show good agreement with such data as the Naval Polar Oceanography Center's
(NPOC) analysis of ice concentration and concentrations derived from passive
microwave data. The model has a tendency, however, to melt ice too quickly
in summer and to grow it back too slowly in the fall. Planned improvements
in the atmospheric and oceanic forcing should correct this problem. The high
resolution of the Barents Sea model enables it to predict the ice edge, ice growth

* and decay, and the movement of ic, near land boundaries with greater accuracy
than does the PIPS model. The Regional Polar Ice Prediction System for the
Barents Sea (RPIPS-B) is the forecast system designed to run at the Fleet
Numerical Oceanography Center (FNOC) based on the Barents Sea ice model.
RPIPS-B is updated weekly by the NPOC analysis of ice concentration. The
forecast system, presently in its "operational checkout" phase, is being made

* ready for a winter-spring operational test.
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The Regional Polar Ice Prediction System-Barents Sea (RPIPS--B):
A Technical Description

I. Introduction is a model for the Barents Sea. The Barents Sea
The capability to forecast sea-ice characteristics in model is similar to PIPS in design. The model uses the

the world's polar oceans has become a more viable task Hibler ice model as its basis and is driven by NOGAPS
in recent years. The existence of increasingly more atmospheric forcing and the Hibler and Bryan

* powerful computers, larger quantities of remotely ice-ocean model's oceanic forcing. The main difference
sensed data, and the development of improved sea-ice between the two models is in the boundary conditions.
models has contributed to the design of accurate PIPS uses solid-wall, closed boundaries everywhere
sea-ice forecasting systems. except at the southern boundar hetween Greenland

In September 1987, the Navy's Polar Ice Prediction and Iceland and Iceland and Norway. I his bounidarv
System (PIPS) became an operational model at the can be simply treated as an ice outflow boundary. The

* Fleet Numerical Oceanography Center (FNOC). The Barents Sea model, however, required the development
model covers the central Arctic, the Barents Sea, and of new "ice" inflow/outflow boundary conditions.
northern half of the Greenland and Norwegian Seas. This report provides a technical description of the
PIPS is based on the Hibler ice model (Hibler, 1979; Barents Sea model and presents results from both its
1980). The ice model is driven by ocean currents and development and operational checkout phases. The
ocean heat fluxes derived from the Hibler and Bryan operational system for the Barents Sea will be referred

* ice-ocean model (Hibler and Bryan, 1984; 1987). to as the "'regional PIPS for the Barents Sea," or
Atmospheric forcing for the model comes from the RPIPS-B.
Navy's operational atmospheric forecast model, the
Naval Operational Global Atmospheric Prediction 1I. Model Description
System (NOGAPS) (Rosmond, 1981). PIPS makes a The regional Barents Sea model uses the Hibler
120-hour forecast each day of such sea-ice dynamic/thermodynamic sea-ice model as its basis. The
characteristics as ice drift, ice thickness, and ice con- ice model is defined by five major components:
centration (ice edge). The length of this forecast is momentum balance, ice rheology, ice thickness
based on the length of the NOGAPS forecast. The distribution, ice strength, and air ice/ocean heat
model is updated once a week by a digitized analysis balance.
field of ice concentration derived by tht: Naval Polar Although this model description is found in Preller
Oceanography Center (NPOC). On days when the and Posey (1989), it will be included in this report for
update is not available, the model is restarted from its the sake of completeness.
own 24-hour forecast fields (see Preller, 1985; Preller The momentum balance used to determine ice drift
and Posey, 1989). is given by

PIPS was originally designed to cover a large portion
of the northern, ice-covered polar oceans. The Du -*m- mI k x u + 'r - +, grdH+F
resolution of PIPS was chosen to minimize the amount Dt U - g grad H + F,

* of computing time used in an operational forecast.
Once PIPS became operational, higher resolution where m is the ice mass per unit area, 1- is the ice
models designed to cover only one particular region velocity, f is the Coriolis parameter, T, and T, are the
of the Arctic would be developed and run air and water stresses, g is the acceleration of gravity,
operationally. The advantages of these high-resolution H is the sea surface dynamic height and F is the force
regional models are a more accurate prediction of the due to variation in the internal ice ;tress. Ice is

• ice-edge location; greater accuracy in defining land considered to move in a two-dimensional field with
boundaries, including island boundaries; and better forcing applied through simple planetary boundary-
resolution of straits. layer formulations.

The first such regional model, designed by the Naval The air and water stresses are defined using constant
Ocean Research and Development Activity (NORDA), turning angles
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"The equations for thick ness andl ,,n patI)W, are
p, C, U, (U', s i/i'*
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where u is the ice drift velocity, U, is the geostrophic SA S~A Oy 4 ,,L9 O5, OY
wind, U,, is the geostrophic ocean current, C. arid C
are the air and water drag coefficie'ts, p,, and p,, are where S, and S. are thermodynamic ii ni, defind by
the air and water densities and and 0 are the air and
water turning angles. For a ,nore detailed discussion
of model dynamics and the spatial finite ditferuicing Sit f A f ( .4), (0)
code, see Hibler (1979).

The ice rheology, a viscous-plastic constiljtic law,
relates the ice stress to ice deformation and ice strength
in the following manner: St =(1 - A) it'./ >

ON, - 2Y7(Ell,, P) i,, + [ (I-,,, P) - t] (E.,I P)]t 0 i[ t.1 (o) <0

EAA d,, - Pd, 12, ( 0 if' S >(0

where o, is the two-dimensional stress tensor, rj is the A ) S it si, -_ 0
strain tensor, P/2 is a pressure term, and 4 and r are 2h
nonlinear bulk and shear viscosities. Ice flows
plastically for normal strain rates and deforms in a withf(h) as the growth rate of ice of thickness h (heff)

linear viscous manner for small strain rates. and h,, a fixed demarcation between thick and thin

The ice thickness distribution takcs into account the ice. In all model simulations, I,, = 0.5 in. In the

ice thickness evolution as a result of dynamic and seven-level ice thickness calculation, hef f is the seven-

thermodynamic effects. The regional Barents Sea level sum of ice thickness, including the calculated snow

model originally used a two-level approach (Hibler, and ice thickness changes. The term Sh is the net

1979). This approach breaks ice into two categories, growth or melt of ice. S.. is the change in

thick and thin, %\ith the division between the two being compactness due to the growth or decay of ihc.

0.5 in. The compactness, A, is defined as the area Ice strength is treated as a function o1 the ice

within a ,ria, cell covered by thick ice, while (I - A) thickness distribution and compactness gi\en by the

is the area covered by thin ice. This ticatment resulted equation

in an average ice thickness over the Arctic that was
too thin when compared to observations (Preller et al., P = P * h evp [ C (I A) ]

1986). I o correct for this bias and to include the strong
dependence of ice erowth rates on thickness, a sevcn- where P* and Care fixed empirical contants. h Is the

level ice thickness calculation used by Walsh ct al. ice thickness, and A is the compactness. Ihis relation-

(1985) was added to the PIPS model in March 1988. ship shows the strength of ice to be strongly dependent

This method divides the "thick" ice into sceen on the amount of thin ice [(I .-)/. It also allows

categories and allows ice to grow/decay in each the ice to strengthen as it becomes thicker.

category. The seven levels are equally spaced betw cen The thermodynamic portion of the cdc determines

0 and twice heft where hcff is the effective ice thickness growth and decay rates of ice based on a heat budget

(Hibler, 1979) or mean ice thickness over the entire grid balance between the atmosphere, the ice, and the

cell. For periods of ice growth, snow cover is also ocean, including the effects of heat absorbed by leads

divided into a seven-level linear distribution of snow via lateral mixing. Similar to Sentimc's (1976)

depths equally spaced between 0 and 2 timecs the grid formulation, heat is transferred thitugh tle ice by

cell mean. When mclting occur,;, sno , is assumed to assuming a linear temperature profile along \with a

bc uniformly distributed over the ice co\ eied poitioi constant ice conductivity. When open atcr is losing
of the grid cell. Sno%% fall rates are based on in)nthly heat to the atmosphere, the heat budget gro~t h rates
mean climatological values (Maykut and Unterstciner, are taken to be vertical growth rates. Wli.n open wvater
1969; Parkinson and Washington, 1979). When tested absorbs heat, the heat mixes underneath tle flhi s to
on the PIPS model, this improved treatment of thick reduce the vertical growth rate. An\ remaining heat
ice resulted in an average increase of ice thickness of can either cause lateral melting or raise the tempera-
50 cm ov er the PIPS domain. lure of the mixed layer. In the presence of an ice co \or,

a I I t ai I I I I2



the mixed-layer temperature is always set equal to Surface and bottom ablation rates are thetu doteiinined
freezing. Thus, excess heat absorbed by leads is used by the imbalances in the su face hea budget and by
for lateral melting until !hie ice disappears. During conduction of heat into the mixed la or. Hteat transfer
growth conditions, ice cannot form until the mixed from the deep, warmer, ocean \water can either be

* layer reaches the freezing temperature of seawater. treated as a constant or as a variable heat flux i0to
In the two-level version of the model (following the mixed layer. For a detailed discussion of the

Bryan et a]., 1975 and Manabe et al., 1979), the effects thermodynamic portion of thc m,del, cc Ilibler
of snow cover are treated such that the ice surface (1980).
albedo is that of snow (0.75) when the calculated
surface temperature is below freezing and that of snow-

* free ice (0.66) when the surface temperature is at the III. Model Grid
melting point. Thus, the upward heat flow, 1h, The Barents Sea model gild kas designed as a
through ice of thickness h is subsection of the FNOC norther n hemisphere polar

stereographic grid. The model grid coxers the entire
(K/h) (T - T) ,Baients Sea and the western half of the Kai a Sea. An

• where K is the ice conductivity, T,. is the water averaged mapping factor is used to approximAte equal

temperature, and To is the surface temperature of the spacing for the FNOC polar stereographic grid in the

ice. Barents Sea domain. The ice model grid is defined as

In the two-level case, snow is parameterized only an equally spaced, 25-km grid, subset of the FNOC

through the surface albedos, but the new seven-level northern hemisphere polar stereographic grid. The

formulism uses the accumulated rates from Maykut resultant ice model dimensions are 74 , 66 (Fig. 1).

* and Untersteiner (1969) and Parkinson and Boundaries of the model are solid walls except for
Washington (1979). The thermal conductivity in the the boundary between Spitzbergen and Norway. This

seven-level case is a single value based on a weighted region contains two rows of "outflow" grid cells. Ice

sum of snow and ice conductivities can only be transferred into these grid cells by advection
and once there, flows out of the basin. The boundaries

KS KI between Spitzbergen and Franz Josef Land, Franz
(K, SnIIL + KhLVL) Josef Land and Novaya Zemlya, and Novaya Zemlya

and the Soviet coast are all inflow/outflow boundaries.

where hL IL is the ice thickness at that level, SnL(VL is Details of the model's inflow/outflow boundary
the snow depth at the same level, K, is the snow conditions will be described in the model development
conductivity, and K, is the ice conductivity. The section VII B.
prescribed surface albedos used by Walsh et al. are 0.80
for snow and 0.65 for ice.

The surface heat budget, after Parkinson and IV. Forcing
Washington (1979) and Manabe et al. (1979), is The Barents Sea model is driven by both atmospheric
given by and oceanic forcing. The atmosphcic forcing is

obtained from the NOGAPS model. I his global
( - a) F', - / + D, Il U, T,,) atmospheric model provides surface press~ie fields

"-- D7(NOGAPS field A01), which are used to determine
2 + D1 UI 1q, (T) - q, (7 )] geostrophic winds. In addition to surface pressure, the

- D3 T, + (K/H) (T,, - F,) - 0 , NOGAPS model also provides surface vapor pressure
(A12), which is used in conjunction with surface

where a is the surface albedo, T, is the surface tem- pressure to determine the specific humidity at the ice
perature of ice, T,, is the air temperature, T,, is the surface; surface air temperature (A07); incoming solar

* water temperature, Ug is the geostrophic wind, q, is radiation (short wave-A I1); sensible heat flux (A16);
the specific humidity of the ice surface, f, is the and total heat flux (A18). These last three fields are
incoming short-wave radiation, P' / is the incoming used to determine long-wave radiation.
long-wave radiation, DI is the bulk sensible heat Monthly mean geostrophic ocean currcnts and deep-
transfer coefficient, D2 is the bulk latent heat transfer ocean heat fluxes derived from the Hibler/Bryan
coefficient (water or ice), and D., is the Stephan- coupled ice-ocean model are used as the ocean forcing
Boltzman constant times the surface emissivity. This for the model. The effects of the variability of ocean
surface heat budget defines a surface temperature for currents on ice drift has been shown to be of importance
the ice that balances the heat budget. This temperature over long time scales (Thorndike and Colony, 1982).
then determines the conduction of heat through the On the time scale of a forecast (5 days), the \ariability
ice and the growth rate. If the derived temperature is of the ocean currents has a much smaller effect on the
above freezing, it is set back to the freezing point, ice drift than the variability of the \\ind stres, fields.
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For this reason, monthly mean ocean currents can be gridded ice concentration. This concentration field is
used as a reasonable estimate for oceanic forcing. a digitized version of the NPO(' %%vckl\ ice concer-

Including monthly mean, deep-ocean heat fluxes has tration analysis. The NPOC anal sis is a ,,ublccti'C
resulted in a tremendous improvement in the model's analysis derived from available rclotcl\ sensed data
capability to predict edge location in the marginal ice (Advanced Very High Resolution R,ilo,,,er Visible,
zone. Hibler and Bryan (1984; 1987) have shown that Passive Microwave) and available obsc.. atno, tship.
this oceanic heat flux can melt large amounts of ice plane, etc.) (Naval Polar Oceanograph.\ ('enter. 1986).
in the marginal ice zone. A drastic improvement in This field is hand-digitized once per \.cek h\ N'(P '
ice-edge location was seen in the results of the PIPS and transferred to FNOC. The dieitied data are then
model when monthly mean, deep-ocean heat fluxes placed on the model grid and used to npdatc tlie |nrodcl.
were included (Preller, 1985; Preller and Posey, 1989). The data are assimilated into the Blircnt Sca model
The Barents Sea model required some adjustment to in the following manner. The model's rcsat field is
the original Hibler and Bryan heat fluxes. [his found (either a 24-hour forecast or climatology).
correction to the heat fluxes is discussed in RPIPS-B then checks to see ifan NP)(analvsis tield
section VII A. is available. If the analysis field is oldle- ht 4 days

Both PIPS and RPIPS-B forecasts could be or has been used within the past 4 d,1.,, then anl tup)date
improved by improving the atmospheric and oceanic is not made. Otherwise, if the NP0( aral\sis is
forcing. Oceanic forcing would be improved by having available, then the model's forecasted ice coiccnt, ation
an ocean model coupled to the ice model. This model field is entirely replaced by the NI-)( anal\sis. Two
could predict the variability of the ocean on the same additional fields are then updated: the ice thickness
time and space scales as the ice. Higher resolution in and the heat stored by the ocean. Ili rreti concen-
the atmospheric models would also improse the tration field is compared to the l1odel-dcrised
forecast capability. At present, NOGAPS resolution concentration field. If no ice exists, hcte it existed
is approximately 400 kin, but RPIPS-B is 25 kml. The before the update, then thle ice thi. kniss is se equal
development of such models is a task being researched t. zero and a small aiiuunt of licat is added to the
in both the (6.1 and 6.2) communities. open-ocean mixed layer. If corccitiation has been

added to a previous open ocean region, then ice

V. Initial Conditions thickness is updated in the follos iIg mianne:

During the development of tile Barents Sea model, If 0. 15<A <0.5 and H< 0.2. then II 0.2

the model was spun up to a cyclic "equilibrium state," or
where ice thickness, ice velocity, and ice concentration
take on similar values on corresponding days of If.4>0.5 and H<0.2. then fl 14.
successive years. Initialization for the equilibrium state and heat is removed from the mi',.Ct lIa C;.
case requires setting ice drift velocities to zera and
ice thicknes, to a constant value of 1. I m
(1.0 x 10'kgm 2/p, ano ice concentration to mj 1NI. Model Parameters
at all grid points. From these initial conditions, it takes The Barents Sea model uses a 6-hout !iin,,:stcp. !n
approximately 2 years of model integration to reach the initial model testing, atmospheric forcing fields
a cyclic equilibrium state. One particular year of were interpolated from the 63 x 63 northern
NOGAPS forcing is used repeatedly to reach the hemisphere polar stereographic grid used by FNOC to
equilibrium statc. the Barents Sea grid. Ocean forcing is updated once

RPIPS-B cart be initialized in three different ways. per moiith. Turning Aigc:r, . ," , trop hic wind

Each day the model is run making a 120-hour forecast. and drag coefficients were based on values derived
The model's 24-hour forecast of ice thickness, concen- from the testing of PIPS (Preller and los, 1989).
tration, ice drift, surface ice temperature, and heat Additional parameters used by the model are given
absorbed by the open ocean is sa,,ed each day. Uhe in Table I.
model uses this 24-hour forecast as its restart field the
next day. If the restart field from tile previous day is
not available, thein the model searches back as far as VII. Model Development
I s,. cek. If no restart fields can be found, then model The Barents and Kara Seas are both Arctic miaginal
climatology is used to restart the model lhe model seas. The Barents Sea is bounded by Spit /bcrgen ard
climatology contain,. montll\ mean field,, dcti\cd frol 1rant Josef Land to the north, and to tie \',cst b\ a
the Barents Sea "cyclic sinerd, sate" rcsult,, driern by line running north from North Cape throtughz eal
1986 NOGAI3 S forcing. Island to the southern tip of Spitbergen. I hic ltircnls

)nce per x, eek (usually Iridav), in additron tio the and Kara Seas are separated b\ t lie island ot ss ', av\,
restart field, the iriodel is also NL' en d 11k' Ireid of /enlva, which restricts the tiispor OIl tit c C.. ' ccin
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them. [hese seas are both relativelv shallow; the and is most likely due to a comhination of atmospheric
Barents Sea, the deeper of the two, averages 200 in in and oceanic effects. Figure 2 ,hio\, theii ckal,.ulal io)n
depth. of the yearly cycle of sea-icc cosci troilt 197 1o 1976.

The Kara Sca is typical for it high northern latitude. Note that a maximum occurs in Icrb tiai % 19' 1 and tlat
It has a solid ice cover during the winter and is ice-free a double maximum occurs during I-chi uat,, and .%,-. it
during the summer, except for the extreme northern 1974. The maximum is in March and April 1975, Nhile
part. As the warmest of the Arctic seas, the Barents maxima occur in January and Nlat ch 1976. Summer-
Sea is atypical. It is strongly influenced by the warm, time variability is; also apparent trom th, chaiegc in
saline Atlantic waters of the Norwegian Current. As the amount of ice area existing in -ugust and
a result, the southwestern third of the Barents Sea September from year to year.
remains ice-free throughout the year. Year-to-year variability is also sCee inl tile c.iiiato-

The composition of the sea ice in the Barents Sea logical minimum and maximum cxtcnsion of sea ice
is usually complex and is composed of many different in the Barents Sea from the Navy-N( )AA Joint Ice
ice types. The majority of the ice is first-year ice formed Center (Fig. 3). Despite these Nearl\ \ar iations, the
locally, but some multiyear ice is transported from the seasonal pattern of growvth and doca' inl tlc Barents
Arctic Ocean between Spitzbergen, Franz Josef Land, Sea is similar from year to \car, x\ith the Mliaxinurn
and the northern tip of Novaya Zemlya. Multiyear ice extension of the ice usually falling in the eCht uar\-April
can also form locally around some of the islands, and time fiame and the minimum occurrinig in August-
icebergs frequently occur in the Barents Sea. During September (Parkinson et al., 1987; Loeng, 1979; Loeng
the summer, the ice retreats far to the north and the and Vinje, 1979).
Barents Sea becomes ice-free. In winter, the ice edge
advances until it extends over the Spitzbergen Bank A. Ocean Currents and Heal Ltluxes
to Bear Island. The ice often extends well off the coast The location of the ice edgi. is stromil influcnced
of Novaya Zemlya and over the shelf off the Soviet by the heat brought into the Baicits Sea from the
coast (the Pechora Sea) and into the White Sea. southwest via the Norwegian Atlantic (.urrent. The

Year-to-year variability of the ice extent in the Norwegian Coastal Current t1o\%s along the coast
Barents Sea is strong. Parkinson et at. (1987) studied of Norway. Paralleling this coastal current is the
Arctic sea ice using passive microwave data from the Norwegian Atlantic Current. Off the coai of north-
Nimbus-5 Electrically Scanning Microwave Radiometer ern Norway, this current splits in t,.,o: onc branch
(ESMR) from 1973 to 1976. They found that the timing flows northward and becomes the West Spitzbergen
of the maximum extent of ice varies from year to year current; the other branch enters the Barents Sea as the

Table 1. Parameters used in RPIPS-B.

Parameter Definition Value

Ca Drag coefficient of air 00008

C Drag coefficient of water 0 uOu5

C Empirical constant in the 20
strength equation

e Ratio of the principal axis of the 2
elliptic yield equation

f Coriolis parameter 1 46 x 10 'sec

h, Thickr'-- limit between thick 0.5 m
and thin ice

Density of ice 091 x 10 kg m

Pa Density of air 1 3 kg in

P, Pressure constant 2 75 x 10' N m

Ax = Ay Horizontal grid spacing 25 kni

At Time step 6 hour

cmax Nonlinear bulk viscosity (P/4) x 109 kg s

?7max Nonlinear shear viscosity 4max/e?

Turning angle of air 23'

o Turning angle of water 25'

H lnilia!ization ice thickness 1 1 m

* "



North (Cape Current. I t~tire 4 1,s a sitiipIIiIe Jl'I I io I t) be a result Of thle IeSulu1;t~i t !I., %,e i III
ot tile surfacc cnrrrti Nk st101 ti (11 Midiltn aiid I oiic_ ice ocean model, [ sing I (,I kmin , ' I V i~e
(1987), based 0on Current maps, b\ I aiti sitita 9 9; i it Il cannot acen rat el resOl C swi te Ii It (kill
Nov its kiv ( 19611. TheC sotIhern par[t H0 1 (he '(,it dI( adpe urient field. As a result , th Ii ei , wci
Current comninues ea atid \,.tIl thec i~ aa and can bevs~eaker than obshkii \ aisotl
Coastal Current at,' xoincs the Nlurnliaj ( in tint. tiot penetrate far enough Qsas i 1, I', Sea! 1c to
'Thle northern p,, of thle NorthI Cape ( ii t split,, bring the hecat fronm thle No sc is~

into three bratches,. One branch pr okceds tort hw\%ai d to keep t he region ic-t ree. I i t it f!.1 cs'as e
betw~een iIopen Island and the (ireat Bank miilt amount of ice, the heat I luxe\C sici- 1,k I ier

subr.ierges uinder At lantic waler. Flhe ,eond I baii h a larger part of thle easter ii -: h.I ~eat
sntiueseastsai herscI lie k d\:,, hijil Wji K1 fluxes, s ere adiustecd ,o lIla! I'. i~tii

Central Banik ats kin ll1CuIerrdi,1(ki it. c;,A I l I agreed closely \\All tile "P(i 'C dgC.
brarobh turn,. s41IutChiastsd aitd patrallels Il, Nh.' ii~ui Nckk heat fIluXes \ Cre Clrat i 0 J ~I-10ent
Current off' thle coast ot the Sos iet ULikonandl hlkt tin'iv ross (columin) \Lite,, and in! !11 1% CIIe2
northeastssard along tile ax\is of lie easternl basit ott aIlues betscn thle old ross, ii tiI . ie
the coast ot Notsaxa teiliva. The colder, 1ev, -.aline inl Such a is as that the lwi-'v %%e. 5 rc
Arctic water enters thle sea as tsso current,,, one along expanded and the low\ values cI'(e toi~ hmd iit aies
le east coast of Spit iherer and one betis coen Ii il w ere climinated. Figures, Saint n bi 'lio ii the iiiiProse-

Josef Land and Nos asa /.emlva ([Dickson et al. , 1970). mient to the ice edge location Mws lieu I n ,itel isas
Thie first current, the Fast Spibet gen current, driven by, 1983 NOGAPS forcig and I lie disl ema
cont inues, soul h isard a lotig I le :oast of Spit iergent. fluxes;. Figures 9a and 9b sho%\ ie i 11) 5c) eti

The second ciirreint , t lie PersesCut ('rettt , floss SsouthI- model results whlen thle model \\Is as itt n hk, 1986
v.esmsard, south cit I ran/ Josef4 land, alonge thle eastern NOGAPS forcing and (h,: adjustei heat in Scs. ie
slope of the Ss albard Blank and around liear Isatid . correction to the heat fluxes'. as 1,l :hsrIath best

Examples, ot theC oceanl Current,, ued Ii the Barents average adjustment betwieeni results, us1ing tilk! [%%o kears
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between Franz Josef Land and Novaya Zernlva. For with results from the RPIPS-B opcatinal check-
each time step, the model checks the ice drift at each out (OPCHECK), will be presented in this ,cction.
grid cell on the boundary. If drift implies that ice is During OPCHECK, the mudel jolcs(rcam n , rin to
flowing out of the basin, then the standard tlibler ice show that the job can perform in all opciatiolnal
outflow boundary "ondition is used. If the drift environment without disruption of the opclatiolidl nln.
indicates inflow, a specified amount of ice thickness It also provides an opportunity Ior minor
is placed into the grid cell and is allowed to advect into improvements to be made to the model. The main
the model. The amount of ice placed into the grid cell difference between the Barents Sea model test results
is determined in one of two ways. In the early testing and the RPIPS-B results is that RPIPS-B resuli, are
of the model, the value of inflowing ice was set to a updated weekly by the NPOC analysis of ice concen-
constant 0.5 m for all months of the year, except tration. Model results will be examined in terms of ice
August and September, when it is set equal to 0.0 m. drift, ice thickness and ice concentration (ice edge).
During these 2 months, the region north of the Barents A number of similar tendencies appear in Bdrents
Sea is most often ice-free. This value proved to be a Sea model solutions using both the 1983 and 1986
good average for ice inflowing at that boundary. In NOGAPS forcing. Therefore, we will present results
RPIPS-B and additional model test cases, the ice from the evolution of the 1983 test case to imply that
thickness derived from the PIPS model is interpolated a similar situation existed in the 1986 case. The Barents
to the Barents Sea model grid and used as the ice inflow Sea model was shown to take, at most, two years to
value. Although the second method is more accurate, spin up to a cyclic equilibrium solution. Figures 12a
the constant value used in the first method was very and 12b show the March mean thickness field for the
useful in that it allowed the Barents Sea model to be first and second year of spin-up. The model 1983 test
run as a "stand-alone" model. That is, it allowed many run was initialized on January 18 using forcing from

* test cases to be run when the PIPS-interpolated ice NOGAPS and the initial conditions described in
t'hickness values were not available. Figure 10b shows section V. The model is integrated out for 3 years using
a result identical to that of Figure 10a, cxcept t-at the 1983 NOGAPS forcing to drive the model each year.
boundary between Franz Josef Land and Novaya The main difference between the first-year and second-
Zemlya has been opened and a 0.5-m average ice thick- year results appear in the ice thickness fields near
ness applied at the inflow/outflow boundary. This Spitzbergen and Franz Josef Land. These tesults imply

• result was in much better agreement with the NPOC that the model needs longer than 2 months of spin-up
analysis than the closed boundary result. time (Fig. 12a) to build up thick ice along these islands

In the third test case, the same inflow/outflow (Fig. 12b). The third year monthly mean ice-thickness
boundary condition was added to the boundary field is identical to the second-year ice thickness and
between Franz Josef Land and Spitzbergen. Figure 1 la is not shown.
shows the result when this boundary was closed and Figure 13 shows the RPIPS-B grid \ ith fOur transect

* Figure I lb ;s the identical case result with the boundary lines overlaid at points J -- 5, 20, 35 and 50.
open to inflow and outflow. Again, opening this Figures 14a-d show March monthly mean ice thickness
boundary resulted in a much more realistic solution, along each transect for the first and second year of

In the RPIPS-B model and the remaining test cases, model integration. The largest difference from \car I to
the western Kara Sea was added to the model. In the year 2 lies along the transect at J 5, Figure 14a. This
Kara Sea, however, the constant value of 0. 5 m is used transect runs along the eastern side of Spitzbergen and

* as the boundary condition. This method was chosen shows the piling up of ice along this coast during the
because the PIPS grid does not cover all of the second year winter. Transects from the third year of
Kara Sea. integration are identical to the second-year transects

The remaining test cases discussed in this report and and are not shown.
the RPIPS-B model use open inflow/outflow bound- The Barents Sea is obsered to ha~c its, most
ary conditions from PIPS at the boundaries between extensive ice cover in the winter months (February and

• Spitzbergen and Franz Josef Land and between Franz April) and to become ice-free or nearly ice-free in the
Josef Land and Novaya Zemlya, and a constant value summer (August and September). Model results
inflow/outflow boundary condition between Novaya develop a similar seasonal pattern, with the Barents Sea
Zemlya and the Soviet coast (Kara Sea). The western becoming ice-free during the first summer of the
boundary between Spitzbergen and Norway is treated spin-up testing. Results show that after the first year's
as an ice outflow boundary condition in all cases. summer melting of ice the model quickly reached

* a near-equilibrium state by fall of the first year.
Figures 15a and 15b are November mean ice thicknesses

Viii. Example Output from RPIPS-B from the first and second year of model integra:ion.
Results from the Barents Sea model test cases using Only small differences, again, in the region bet\\een

1983 and 1986 NOGAPS atmospheric forcing, along Spitzbergen and Franz Josef I and, can be ,ecn.
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Figures 16a-d show November mean thicknesses along keeps the Barents Sea model ice-frec comics fronm a
the four transects indicated in Figure 13. Aside from combination of heating by both hw tw ,,hc'icrc arid
the small increase in ice thickness at transect J - 5, the ocean. This problem could h td ,'iih
these figures show little change in ice thickness from improved atmospheric forcing In the .\:,:tic and
year I to year 2. improved ocean forcing via a coupled ice-ok.cai ,wdci.

Equilibrium results from both the 1983 and 1986 test These improvements are presenik beinj addrcsscd oy
cases showed that the thickest ice in the Barents Sea FNOC and NORDA, and the problem is being
occurs in the winter months on the eastern coast of corrected RPIPS-B by updating the model with the
Spitzbergen, where model thicknesses are NPOC analysis. This update places ice in the model,
approximately 4 m. Throughout the rest of the Barents according to the NPOC analysis, and remo' es the
Sea, the ice thickness averages about I m. During the excess heat.
summer months, when ice is present, it averages less Year-to-year variability in sea-ice extent, similar to
than I m thick. that seen by Parkinson et al.(1987) is apparent in the

Ice drift in the Barents Sea is closely correlated to model results. Figure 22 is a calculation of the yearly
the winds. The ice drift from the Barents Sea model sea-ice cycle from the Barents Sea test cases using 1983
responds rapidly to the wind forcing. This rapid and 1986 NOGAPS forcing. In 1983, a double
response to the winds has been observed in the Barents maximum in ice extent occurred in February and in
Sea (Vinje, 1985). April and May, similar to the Parkinson et al. results

Ice-thickness values in many parts of the Barents Sea for 1974 (Fig. 2b). The 1986 Barents Sea model results
appear to be closely linked to the wind forcing. showed a peak in March and a decrease in April and
Figures 17a and 17b show April monthly mean ice drift May, similar to the 1976 ESMR data (Fig. 2d). Model
and ice thickness from 1986. Monthly mean winds results also indicated a greater ice extent in 1986 than
during this period were blowing toward the south and in 1983 (1.4 x 106km 2 vs. 1.2 x 106km). NPOC
the southeast. As a result, ice piled up on the western analyses for these 2 years support this trend except in
side of Novaya Zemlya and along the Soviet coast in April 1986. The NPOC analysis showed ice cover as
the Kara Sea. Figures 18a and 18b show that in May, extensive in April as it was in March. These figures
the mean winds changed, causing the ice to drift away also demonstrate that the Barents Sea model melts too
from the Soviet coast, away from the west coast of much ice in the summer of both years. Ice melted earlier
Novaya Zemlya, and into the east coast of Spitzbergen. in July 1983 than in July 1986, but also grew back more
Correspondingly, the ice thinned along the Soviet coast quickly in November 1983. This trend also appeared
and the west coast of Novaya Zemlya and piled up in the NPOC analysis.
along the east Spitzbergen coast. RPIPS-B began to run in an OPCtECK mode in

The high resolution of the Barents Sea model allows the fall of 1988. During the model OPCHECK, the
for realistic simulations of ice moving toward or away following fields were used for testing:
from model coastlines that are not possible in the 1. Cumulative ice drift--Tau 24, 1 au 120
lower-resolution PIPS model. Regions of thin ice or 2. Ice thickness-Tau 24, Tau 120
open water, induced by wind forcing. are often 3. Ice concentration-Tau 24, Tan 120.
observed in satellite imagery (Fig. 19) taken along the It is planned that the operational version of RI'IPS-B
coastlines in the Kara Sea and along the coasts of will generate the same product fields as PIPS (lPeller
Novaya Zemlya. The Barents Sea model is capable of and Posey, 1989).
reproducing similar wind-induced featIes in the ice As stated previously, the only difference between
thickness field. RPIPS-B and the Barents Sea test cakc- is iha tihe

Mor.htly mean ice concentrations, the l)erccritac o1 model is updated weekly with ice contenal mlilt data
a grid cell covered by thick ice, are shown in liguics 20a from NPOC. Both PIPS and Ri'S-13 are updated

and 20b for I OR and in Uvigures 21a and 21 b for 1986. by the same NPOC analysis each week. I he finer
The NPOC - :dge is overlaid on the winter and fall resolution of RPIPS-B, however, allows for a more
example.. .arents Sea model tests show that the detailed, accurate update of the ice edge in tile Barents
-odel rcs .. :, ;enerally agree with observations at all Sea. Figure 23 is the NPOC analysis for 28 l)ccember
times of yeai - • v t during the summer. The Barents 1988. Figures 24a and 24b show% the model solutions
Sea modei be, .,....s ice-free too early in the summer after an update from this NPOC analysis for both PIPS
(usually .riu- to late July) and grows ice back too late and RPIPS-B. Note that the higher resolution and
in the fall (mid- to late October). The NPOC analysis larger areal extent of RPIPS-B is responsible for the
shows the Barent,, Sea becoming ice-free fromt mid- to detailed ice edge along Novaya Zemlya and tl;,: 'oict
late August and shows ice growing back in early coast. The resolution of RPIPS- 13 also aljo rol better
October. This indicates that the Barents Sea model definition of the ice protrusion located nca 73 N And
becomes too warm in the summer. The extra heat that 40'L.
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IX. Summary and Conclusions Manabe, S., K. Bryan, and N1. Spelman (1979).
RPIPS-B, the FNOC version of the Barents Sea A Global Ocean-Atmosphee ('linate Model With

model, is presently in its OPCHECK phase being Seasonal Variation for Future Studics of Cimate
prepared for a winter/spring OPTEST. In its develop- Sensitivity. Dynamics of Atmosphere and the Ocean
ment stage, the Barents Sea model was spun up to a 3:393-426.
cyclic equilibrium state using atmospheric forcing from Maykut, G. A. and N. Untrstcincr (1969).
NOGAPS and oceanic forcing from the Hibler and Numerical Prediction of the Thernodvnainic Response
Bryan ice-ocean model. New ice inflow/outflow of Arctic Ice to Environmental Changes. The Rand

boundary conditions were designed for the northern Corporation, Santa Monica, California, RM-6093-PR

boundaries of the model. Midttun, L. and H. Loeng (1987). Climatic

Model test results compared well with observations Variations in the Barents Sea. Proceedings otI theThird

(NPOC analysis). Results also showed that the finer Sovjet-Norwegian Symposium, Murmansk Institute

resolution of RPIPS-B enabled far better predictions Marine Research, Bergen, Norway.
than PIPS of ice-edge location, ice thickness, and ice Naval Polar Oceanography Center (1986). Lastern-tha PIS o ic-ede lcatonicethiknes, nd ce Western Arctic Sea Ice Analysis 1986. Washington,
movement in the Barents Sea, particularly near land D. C.
boundaries. D. C.

daoreas Novitskiy, V. P. (1961). Permanent Currents of the
As a forecast tool, RPIPS-B will be run daily, Northern Barents Sea. Trudy gos. okeanogr. Inst.

making a 120-hour forecast. The model will be run 64:1-32 (in Russian).

after PIPS and will use the ice thickness field from Parkinson, C. L. and W. Washington (1979). A
PIPS at its inflow/outflow boundary. RPIPS-B will Prisn .L n .Wsigo 17)
proPSce ahesame14poduct fie s b resety. produB w Large-Scale Numerical Model of Sea Ice. Journal of
produce the same 14 product fields presently produced Geophysical Research 84:311-337.
by PIPS. Parkinson, C. L., J. Comisco, J. Zwally,

D. Cavalieri, P. Gloersen, and W. Campbell (1987).
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Figure 2. Year/vy cycle for the Barents Sea area covered b ' sea ice for 1973-19 76 (fromn Parkinson et al.. 1987). The
curves are the ocean area covered withi ice greater than 1501 (15%1), 35% (P35), 50%1 (P50), 65 % (P65), N5 Q, (P85).
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Figure 7. FebruarY mnthu/ly mean heat fluxes in watts
per meter 2 interpolated to the Barents Sea grid from
(a) the Hibler and Bryan model and (b) adjusted Hibler
and BrYan values.
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Figure 14. Transects of March monthly mean ice thicknesses at (a) J = 5, (b) J = 20, (c)J = 35,
and (d) J = 50.
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